Introduction
Eukaryotic cilia and flagella project from the cell surface, allowing cells to interact with their environment. Motile cilia and flagella contain axonemes, composed of nine outer doublet microtubules (MTs) and a central pair of MTs (9 + 2), and play fundamental roles in a variety of physiological processes, including cell signaling, mucus clearance and sperm motility (Davenport and Yoder, 2005) . Defects in assembly of motile axonemes lead to human diseases and developmental disorders, including respiratory dysfunction, defects in left-right asymmetry, hydrocephaly and infertility (reviewed in Badano et al., 2006; Bisgrove and Yost, 2006) .
Axonemes are assembled on basal bodies, which are modified centrioles containing nine triplet MTs. Centrioles are required for axoneme assembly, because flies mutant for core centriolar proteins, Sas-4 and Sas-6, lack axonemes (Basto et al., 2006; RodriguesMartins et al., 2007) . Prior to flagellar axoneme assembly, the basal body attaches to the nuclear envelope. This process (henceforth termed basal body docking) has been described in diverse cells, including insect and mammalian sperm (Tates, 1971; Manandhar et al., 1999; Li et al., 2004) and the unicellular alga Chlamydomonas reinhardtii (Salisbury, 1995) . In Drosophila, axoneme assembly is independent of basal body docking, because mutant flies lacking dynein light chain or γ-tubulin ring complex (γ-TuRC) proteins produce normal, stable axonemes, yet their basal bodies fail to dock (Li et al., 2004; Vogt et al., 2006) . Organization of axonemal MTs into a classic 9 + 2 arrangement depends on incorporation of testisspecific tubulin isoforms (Hoyle and Raff, 1990; Hutchens et al., 1997) , and also on the fragile X-related protein FXR (FMRP), the whirligig gene and the basal-body-associated proteins Centrosomin (Cnn) and Uncoordinated (Unc) (Green et al., 1990; Li et al., 1998; Baker et al., 2004; Zhang et al., 2004) . Despite decades of research, little is known about the signals that promote basal body docking, ensure the proper transition from basal body to axonemal MT arrays or preserve the integrity of the developing flagellar axoneme.
Drosophila spermatogenesis offers an excellent model for studying axoneme assembly, because the stages are wellcharacterized and easily identified by light and transmission electron microscopy (TEM), and the spermatids grow to an impressive 1.8 mm in length (Tates, 1971; Fuller, 1993) . Male germ cells develop in syncytial cysts, with individual cells remaining connected by cytoplasmic bridges. Cysts of 16 primary spermatocytes undergo meiotic cytokinesis, generating cysts of 64 haploid spermatids that will develop into mature sperm. In early spermatids, the basal body becomes localized to a perinuclear region. During docking, the basal Axonemes are microtubule-based organelles of crucial importance in the structure and function of eukaryotic cilia and flagella. Despite great progress in understanding how axonemes are assembled, the signals that initiate axoneme outgrowth remain unknown. Here, we identified phosphatidylinositol phosphates (phosphoinositides) as key regulators of early stages of axoneme outgrowth in Drosophila melanogaster spermatogenesis. In a study of phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P 2 ] function in developing Drosophila male germ cells, we depleted PtdIns(4,5)P 2 by expression of a potent phosphoinositide phosphatase. Phosphatase expression dramatically inhibited sperm tail formation and perturbed microtubule organization in a manner reversible by coexpression of a PtdIns 4-phosphate 5-kinase. Depletion of PtdIns(4,5)P 2 caused increased levels of basal body γ-tubulin and altered the distribution of proteins known to be required for axoneme assembly. Examination of PtdIns(4,5)P 2 -depleted spermatids by transmission electron microscopy revealed defects in basal body docking to the nuclear envelope, and in axoneme architecture and integrity of the developing flagellar axoneme and axial sheath. Our results provide the first evidence that phosphoinositides act at several steps during flagellar biogenesis, coordinately regulating microtubule and membrane organization. They further suggest that phosphoinositides play evolutionarily conserved roles in flagella and cilia, across phyla and in structurally diverse cell types.
body becomes firmly embedded in the nuclear envelope. Axoneme assembly initiates at the protein body stage, when an electron-dense, phase-dark structure appears in the nucleus. Two giant mitochondrial derivatives elongate along the growing axoneme, which becomes covered by a membranous axial sheath.
The membrane lipid phosphatidylinositol (PtdIns) and its phosphorylated derivates (phosphoinositides) (Fig. 1A) control vital cellular functions. For example, PtdIns 4-phosphate [PtdIns(4)P] is synthesized from PtdIns by PtdIns 4-kinases at the Golgi, where it recruits proteins involved in post-Golgi transport (reviewed in De Matteis and Roth, 2004) . PtdIns(4)P 5-kinases phosphorylate PtdIns(4)P to yield PtdIns(4,5)P 2 , an important plasma membrane regulator of membrane trafficking and actin assembly (reviewed in Yin and Janmey, 2003; Di Paolo and De Camilli, 2006; Janetopoulos and Devreotes, 2006) . Hydrolysis of PtdIns(4,5)P 2 by phospholipase C (PLC) leads to production of the second messengers diacyglycerol (DAG) and inositol trisphosphate (InsP 3 ), which in turn promotes Ca 2+ release from the ER (Fig. 1A) . Despite the wealth of information from studies on single cells, surprisingly little is known about the functions of phosphoinositides in animal development. We have developed a Drosophila model in which to study phosphoinositides in spermatogenesis.
Drosophila phosphoinositides have been implicated in regulating cell proliferation, differentiation, apical-basal polarity, actin organization and cytokinesis (Leevers et al., 1996; Brill et al., 2000; Bateman and McNeill, 2004; Wong et al., 2005; Pilot et al., 2006; Pinal et al., 2006) . However, because enzymes that synthesize and dephosphorylate phosphoinositides are often essential, it has been difficult to study phosphoinositide function in differentiating cells. For example, mutations affecting the Drosophila PtdIns(4)P 5-kinase Skittles (Sktl) are lethal and clones of sktl mutant cells are largely inviable, making it difficult to assess PtdIns(4,5)P 2 function in vivo (Hassan et al., 1998) . Similarly, the PtdIns 4-phosphatase Sac1 is essential, limiting analysis of the consequences of PtdIns(4)P overproduction (Wei et al., 2003) . In the course of studies examining PtdIns(4,5)P 2 function in Drosophila male-germ-cell cytokinesis, we depleted plasma membrane PtdIns(4,5)P 2 by targeted expression of a lipid phosphatase (Wong et al., 2005) . Here, we show that PtdIns(4,5)P 2 depletion blocks sperm tail formation and causes defects in microtubule organization. In particular, PtdIns(4,5)P 2 depletion reversibly affects basal body docking to the nuclear envelope, as well as axoneme architecture and integrity of the developing flagellar axoneme and axial sheath. Our results provide new evidence that phosphoinositides act at several steps during flagellar biogenesis, coordinately regulating microtubule and membrane organization. Because phosphoinositides and products of PtdIns(4,5)P 2 hydrolysis are implicated in ciliary morphogenesis in vertebrate epithelial cells and embryos (Baranova et al., 1996; Sarmah et al., 2005; Vieira et al., 2006; Nachury et al., 2007) , our findings suggest that phosphoinositides play evolutionarily conserved roles in flagella and cilia, across phyla and in structurally diverse cell types. . PtdIns(4)P is phosphorylated by PtdIns(4)P 5-kinases (PIP5K), such as Drosophila Sktl, to produce PtdIns(4,5)P 2 (PIP2). PtdIns(4,5)P 2 is hydrolyzed by phospholipase C (PLC), generating the second messengers inositol trisphosphate (InsP 3 , IP3) and diacylglycerol (DAG). InsP 3 can lead to release of Ca 2+ from intracellular stores (via the InsP 3 receptor) and to synthesis of other inositol polyphosphates, such as inositol hexakisphosphate (InsP 6 , IP6). Alternatively, PtdIns(4,5)P 2 can be sequentially dephosphorylated by 5-phosphatases (5-P'ase), including Salmonella SigD, to regenerate PtdIns(4)P, which in turn can be dephosphorylated by 4-phosphatases (4-P'ase), such as Drosophila Sac1, to produce PtdIns. (B-EЈ) Phase-contrast (B-E) and corresponding fluorescence (BЈ-EЈ) images of male germ cells expressing PLCδ-PH-GFP (B,C,E) or PLCδ-PH-RFP (D), which bind PtdIns(4,5)P 2 . (BЈ) PtdIns(4,5)P 2 is found in the plasma membrane (arrow) of wild-type male germ cells. (CЈ) SigD expression diminishes PtdIns(4,5)P 2 at the plasma membrane and causes accumulation of PLCδ-PH-GFP puncta in the cytoplasm (arrow). (DЈ) Co-expression of Sktl partially restores plasma membrane PtdIns(4,5)P 2 (arrow), although some cells exhibit non-specific PLCδ-PH-RFP localization in the cytoplasm. (EЈ) Expression of SigD dead has no effect on PtdIns(4,5)P 2 accumulation. (F-GЈ) Phase-contrast (F,G) and corresponding fluorescence (FЈ,GЈ) images of male germ cells expressing RFP-PH-FAPP to detect PtdIns(4)P. (FЈ) PtdIns(4)P localizes to the Golgi in spermatocytes (arrowhead) and to the acroblast in spermatids (arrow). (GЈ) SigD expression increases PtdIns(4)P levels in both spermatocytes (arrowhead) and spermatids (arrow). Note that, although the exposure times for FЈ and GЈ were identical, the contrast in FЈ was increased by 50% to make the PtdIns(4)P localization more obvious. Scale bars: 20 μm.
Results
Expression of SigD depletes PtdIns(4,5)P 2 and causes accumulation of PtdIns(4)P To identify roles for PtdIns(4,5)P 2 in Drosophila spermatogenesis, we expressed the Salmonella phosphoinositide phosphatase SigD (Marcus et al., 2001 ) under control of the spermatocyte-specific β 2 -tubulin promoter (Hoyle and Raff, 1990; Wong et al., 2005) . SigD dephosphorylates several phosphoinositides on the D-3, D-4 or D-5 positions of the inositol ring in vitro and depletes PtdIns(4,5)P 2 in tissue-culture cells (Norris et al., 1998; Marcus et al., 2001; Terebiznik et al., 2002) . To confirm that SigD expression depleted plasma membrane PtdIns(4,5)P 2 , we examined green fluorescent protein (GFP) fused to the pleckstrin homology (PH) domain of PLCδ (PLCδ-PH-GFP), a fluorescent marker that specifically binds PtdIns(4,5)P 2 (Lemmon et al., 1995; Varnai and Balla, 1998) . PLCδ-PH-GFP was primarily associated with the plasma membrane of control cells ( Fig. 1BЈ ) (Wong et al., 2005) . By contrast, spermatocytes (not shown) and spermatids from SigD testes generally lacked detectible plasma membrane PtdIns(4,5)P 2 , although occasional bright spots of PLCδ-PH-GFP fluorescence were observed in the cytoplasm (Fig. 1CЈ ).
To determine whether SigD acts as a 5-phosphatase in vivo (Fig. 1A) , we used red fluorescent protein (RFP) fused to the PH domain of FAPP (RFP-PH-FAPP), which binds Golgi-associated PtdIns(4)P (Dowler et al., 2000; Godi et al., 2004) . In control cells, PtdIns(4)P localized to the Golgi in spermatocytes (Fig. 1FЈ , arrowhead) and to the developing acroblast in spermatids (Fig. 1FЈ , arrow). Golgi and acroblast localization were confirmed by colocalization of RFP-PH-FAPP with a GFP fusion to the Drosophila Cog5 homolog Fws (Farkas et al., 2003) (supplementary material Fig. S1 ). In cells expressing SigD, PtdIns(4)P levels were increased, as evidenced by stronger Golgi localization of RFP-PH-FAPP in spermatocytes (Fig. 1GЈ, arrowhead) and enlarged structures containing PtdIns(4)P in spermatids (Fig. 1GЈ, arrow) . The intensity ratio of the RFP-PH-FAPP signal to background in line scans of spermatocytes and spermatids was significantly different in SigD-expressing cells versus wild-type controls (P<0.0001; see Materials and Methods). Consistent with the apparent accumulation of PtdIns(4)P in SigD-expressing cells, co-expression of Sktl PtdIns(4)P 5-kinase, which employs PtdIns(4)P as a substrate, partially restored plasma membrane PtdIns(4,5)P 2 (Fig. 1DЈ, arrow) . SigD phosphatase activity was required for its effect on phosphoinositide levels, because expression of catalytically dead SigD (SigD dead ) (Marcus et al., 2001 ) had no effect on either PtdIns(4,5)P 2 (Fig. 1EЈ) or PtdIns(4)P (not shown). These results establish that targeted expression of SigD is a useful tool for examining PtdIns(4,5)P 2 function during male-germ-cell development.
Phosphoinositides are required for sperm tail formation
Transgenic lines depleted of PtdIns(4,5)P 2 were male-sterile, indicating that SigD expression disrupted sperm development. To identify the stages of spermatogenesis affected by PtdIns(4,5)P 2 depletion, we dissected and analyzed live-testis preparations by Journal of Cell Science 121 (7) phase-contrast microscopy. PtdIns(4,5)P 2 depletion caused defects in meiotic cytokinesis (Wong et al., 2005 ) and a dramatic block in sperm tail formation. In contrast to wild-type testes, which contained many long rope-like cysts of elongating or individualizing spermatids ( Fig. 2A) , SigD lines lacked elongating spermatids (Fig.  2B ). Cysts from young SigD-expressing males were predominantly ovoid or circular in shape (Fig. 2B , arrow), whereas cysts from 3-day-old males were more elongated, appearing as tangled tubular structures (not shown). SigD catalytic activity was required for this effect on sperm tail formation, because testes from males expressing SigD dead were morphologically normal ( Fig. 2D ) and the males were fertile.
To determine whether the observed defect in sperm tail formation was a consequence of altered levels of PtdIns(4,5)P 2 or PtdIns(4)P, we used two strategies to manipulate PtdIns(4)P or PtdIns(4,5)P 2 levels in flies expressing SigD. First, we showed that mutations in fwd, which encodes a PtdIns 4-kinase required in spermatocytes for the accumulation of PtdIns(4)P (Fig. 1A) (H.-C. W., G.P. and J.A.B., unpublished) (Brill et al., 2000) , failed to suppress the effects of SigD expression, suggesting that the block in sperm tail growth was not due to increased levels of PtdIns(4)P (not shown). Second, we co-expressed the PtdIns(4)P 5-kinase Sktl, which strongly suppressed the spermatid elongation defect caused by SigD (Fig.  2C ), suggesting that PtdIns(4,5)P 2 is required for spermatid elongation.
Phosphoinositides affect microtubule and basal body organization
Differentiating spermatids contain a variety of MT arrays, including MTs involved in nuclear shaping, cytoplasmic MTs that run parallel to the axoneme, and MTs of the axoneme itself (Tates, 1971; Tokuyasu, 1974) . To determine whether PtdIns(4,5)P 2 depletion caused defects in MT organization, we examined MTs in live testis preparations using β-tubulin-GFP (β-tub-GFP) (Inoue et al., 2004) . In elongating spermatids, β-tub-GFP was incorporated into distinct MT arrays associated with developing sperm tails and haploid nuclei (Fig. 2E,H) . In early stages of elongation, MTs formed a branched structure around each nucleus (Fig. 2E, arrow) , and sperm tails were parallel and smooth. In late stages of sperm development, β-tub-GFP remained associated with the axoneme (H.-C.W. and J.A.B., unpublished) and was highly concentrated in a spot adjacent to the needle-shaped nucleus (Fig. 2H, arrows) .
PtdIns(4,5)P 2 depletion had a profound effect on MT organization (Fig. 2F,G,I ). In cysts of elongating spermatids, branched structures still formed but were diffuse and loosely associated with the nuclei (Fig. 2F, arrow) . Moreover, the apparent increase in background GFP suggested cytoplasmic accumulation of unassembled or aggregated tubulin. MTs were generally disorganized and tangled, even in the more elongated cysts (Fig. 2G,I , arrowheads). In addition, perinuclear foci of β-tub-GFP were not evident (Fig. 2I,  arrows) and nuclei, which were scattered throughout the cyst, remained minimally elongated.
To determine whether the aberrant MT organization in PtdIns(4,5)P 2 -depleted spermatids was due to defects in basal body architecture, we examined the distribution of core and peripheral basal-body-associated proteins. The core basal body proteins PACT and Sas-4 formed short perinuclear rods in all spermatids examined (GFP-PACT, Fig. 3A,B ; Sas-4-GFP, not shown) (Basto et al., 2006) , suggesting that the core structure of the basal body was unaffected by expression of SigD. Indeed, there was no significant difference in the length of the GFP-PACT signal in wild-type versus PtdIns(4,5)P 2 -depleted spermatids (Fig. 3C) .
In contrast to the core proteins, the more peripheral basal-body-associated proteins Cnn and γ-tubulin (Li et al., 1998; Sampaio et al., 2001) were mislocalized, as indicated by indirect immunofluorescence experiments. In wild-type spermatids, Cnn localized to a spot tightly associated with dynein heavy chain (DHC), which marks the nuclear envelope (Fig. 3D) . Similarly, γ-tubulin was present in a small focus adjacent to the nuclear DNA (Fig. 3G) . In PtdIns(4,5)P 2 -depleted spermatids, Cnn localized to diffuse, comet-shaped structures (Fig. 3E, inset ) and its association with DHC in the nuclear envelope was occasionally disrupted. Large accumulations of γ-tubulin were found near the nuclei in PtdIns(4,5)P 2 -depleted spermatids (Fig. 3H) and, in older cysts, basal bodies were not always found near nuclear DNA (Fig.  3G,H, compare insets) .
SigD expression specifically affected the distribution of peripheral basal body proteins in postmeiotic spermatids, because depletion of PtdIns(4,5)P 2 had no obvious effect on localization of Cnn and γ-tubulin at centrosomes in primary spermatocytes (not shown). Furthermore, co-expression of Sktl largely rescued the defects in basal body Cnn and γ-tubulin localization caused by expression of SigD (Fig. 3F,I ), confirming that these effects were due to altered levels of phosphoinositides.
Phosphoinositides are required for axoneme outgrowth and architecture
To determine whether the defects we observed in MT distribution corresponded to defects in axoneme assembly, we examined the distribution of Unc, a protein required for proper axonemal architecture (Baker et al., 2004) , and found that depletion of PtdIns(4,5)P 2 dramatically influenced the distribution of Unc-GFP. Unc-GFP was previously reported to localize only to the basal body (Fig. 4A, arrows)  (Baker et al., 2004) . However, we found that it was also concentrated at the distal end of each elongating spermatid (Fig. 4A, arrowhead) . The morphology of the two ends was distinct, with basal body Unc-GFP forming an elongated cylinder (Fig. 4BЈ , arrow) and distal Unc-GFP appearing as a prominent spot (Fig. 4DЈ , arrowhead in inset). Strikingly, the distance between the two strong Unc-GFP signals correlated with spermatid length, consistent with its role in axoneme assembly (Fig. 4DЈ, inset, and Fig. 4FЈ) .
Although, Unc-GFP was present at the basal body in early PtdIns(4,5)P 2 -depleted spermatids, its distribution was abnormally elongated and appeared comet-shaped rather than cylindrical (Fig.  4CЈ, arrow) . In addition, association of Unc-GFP with the nucleus was often disrupted (Fig. 4CЈ,GЈ) . In most cysts, distal spots of Unc-GFP were not identifiable at the protein body stage (Fig.  4Aii) , when axoneme assembly normally would have begun (compare Fig. 4DЈ, inset, with Fig. 4GЈ ). In less-affected cysts, spermatid elongation proceeded further and Unc-GFP was present at both the basal body and the distal end (Fig. 4EЈ) . However, even in these mildly affected cysts, association of Unc-GFP with the nucleus appeared defective. The aberrant Unc-GFP localization suggested a defect in axoneme outgrowth in spermatids with altered phosphoinositide levels.
To examine axonemes at an ultrastructural level, we used TEM. Sections through the central portion of wild-type testes revealed axonemes organized in parallel (Fig. 5A ). Each 9 + 2 axoneme contained nine outer doublet MTs and a central pair, surrounded by an axial sheath (Fig. 5A, inset and Fig. 5D ) and accompanied by two mitochondrial derivatives (Fig. 5D,G) . More-mature axonemes contained accessory MTs rotationally and centripetally displaced from the doublet MTs (Fig. 5G, arrow) .
PtdIns(4,5)P 2 -depleted flies exhibited striking defects in the number and organization of axonemes. Sections through testes expressing SigD revealed few axonemes (Fig. 5B) , and these were Journal of Cell Science 121 (7) often oriented in different directions (not shown). The few axonemes observed contained triplet as well as doublet MTs (Fig. 5E ,H, arrows), and more-mature axonemes with accessory tubules were not observed. In addition, ensheathment of the axoneme by the axial membrane was often compromised, and the sheath was typically dissociated from the mitochondrial derivatives. In cases in which the morphology of the sheath was most aberrant (Fig. 5H , triplet arrows), the axonemes were splayed and mislocalized MT doublets were occasionally found associated with extensions of the axial membranes (Fig. 5H, arrowheads) .
Co-expression of Sktl with SigD rescued axoneme assembly and restored the stability of the ensheathed structure (Fig. 5C,F,I ). Sktl co-expression restored morphologically normal accessory tubules and axial sheaths (Fig. 5I) , although the orientation of the doublet MTs was occasionally disrupted (Fig. 5F, arrow) . Thus, formation of outer doublet MTs, axoneme ensheathment by the axial membrane and axoneme outgrowth require proper levels of PtdIns(4,5)P 2 .
Phosphoinositides are required for basal body docking to the nuclear envelope
In addition to axoneme architecture, our TEM studies of PtdIns(4,5)P 2 -depleted spermatids also identified basal body docking as a phosphoinositide-dependent step. In wild-type early spermatids (Tates, 1971) , the basal body penetrated through the outer nuclear membrane and attached perpendicular to the surface of the nuclear envelope (Fig. 6A) . In older spermatids, an electrondense centriolar adjunct formed a collar around the basal body (Fig. 6B,C) . In PtdIns(4,5)P 2 -depleted spermatids, the overall morphology of the basal body and centriolar adjunct appeared fairly normal (Fig. 6E-G) . Strikingly, however, basal bodies were typically mislocalized, often lying tangential to the nuclear envelope (Fig. 6E,F) . Axonemes were not observed in spermatids at the protein body stage (Fig. 6F) , suggesting a delay in axoneme assembly. In the few late spermatids in which axonemes were observed, axonemal architecture appeared superficially normal, in that a regular pattern of axonemal dynein arms was present along the length of the axoneme. However, in contrast to wild type (Fig.  6D) , the basal body was not embedded in the nuclear envelope (Fig. 6H) . Co-expression of Sktl with SigD largely restored orientation of the basal body with respect to the nuclear envelope as well as basal body docking, although nuclear morphology remained somewhat aberrant (Fig. 6I,J) , and not all basal bodies were associated with a nucleus (Fig. 6K) . Thus, the levels of phosphoinositides are crucial for basal body docking at the nuclear envelope and for the normal timing of axoneme outgrowth.
Discussion
Here, using a novel approach to deplete plasma membrane PtdIns(4,5)P 2 in vivo, we demonstrate a requirement for PtdIns(4,5)P 2 -or the correct balance of PtdIns(4,5)P 2 and PtdIns(4)P -in flagellar biogenesis. Previous studies have implicated phosphoinositides in ciliary biogenesis. For example, PtdIns(4,5)P 2 production is correlated with MT assembly on bovine retinal rod axonemes (Baranova et al., 1996) and with the formation of apical membranes, the site of cilia formation, in polarized MDCK cells (Martin-Belmonte et al., 2007) . The PtdIns(4)P-binding protein Fapp2 was recently shown to establish a membrane domain required for ciliogenesis in MDCK cells (Vieira et al., 2006) . Bbs5, a member of a protein complex (the BBS complex) involved in ciliary membrane formation, binds PtdIns(3)P in vitro (Nachury et al., 2007) . Increased expression of a PtdIns 4-kinase and reduced levels of PtdIns(4,5)P 2 are found in rodent models of polycystic kidney disease, a ciliary disease (Cuozzo et al., 2002) . In addition, a recent report implicated Ipk1, the enzyme that synthesizes InsP 6 [a metabolite downstream of PtdIns(4,5)P 2 hydrolysis and InsP 3 ] in ciliary function in zebrafish (Sarmah et al., 2005) . Although these studies hint at roles for phosphoinositides in ciliary assembly or function, a requirement for PtdIns(4,5)P 2 -or any other phosphoinositide -in ciliogenesis has never been established.
To study PtdIns(4,5)P 2 function in vivo, we exploited the Salmonella lipid phosphatase SigD to deplete plasma membrane PtdIns(4,5)P 2 in developing Drosophila male germ cells. Because the defects of the basal body and axoneme were rescued by coexpression of Sktl with SigD, alterations in PtdIns(4)P or PtdIns(4,5)P 2 levels, or both, must account for the observed phenotypes. Mutations in Drosophila fwd cause defects in the accumulation of Golgi PtdIns(4)P and in cytokinesis (H.-C.W., unpublished) (Brill et al., 2000) , yet fwd is not required for normal axoneme assembly (M.H., L.F. and J.A.B., unpublished) . In addition, mutations in fwd failed to suppress the sperm tail formation defects caused by expression of SigD, suggesting that excess PtdIns(4)P is not responsible for the observed phenotypes.
Thus, PtdIns(4,5)P 2 appears to be required in developing Drosophila sperm for basal body docking at the nuclear envelope, flagellar outgrowth and proper axoneme architecture. PtdIns(4,5)P 2 itself could serve as an important signal in flagellar biogenesis. Although axoneme assembly is templated from the basal body, this process actually initiates prior to meiosis. In primary spermatocytes, centrioles migrate to the surface of the cell, where they protrude from the plasma membrane and develop short axonemes (Tates, 1971; Baker et al., 2004) . These centrioles have a membrane cap that covers the distal (elongating) end of the axoneme. It is possible that PtdIns(4,5)P 2 from the plasma membrane is incorporated into this cap, where it might provide a signal for the binding of proteins involved in basal body docking or initiation of flagellar axoneme outgrowth.
PtdIns(4,5)P 2 is also upstream of the second messengers DAG, Ca 2+ and the inositol polyphosphates (InsP 3 , InsP 4 , InsP 5 and InsP 6 ). By analogy to other systems, Ca 2+ could bind to a centrin-like protein that links the basal body to the nuclear envelope; inositol polyphosphates might regulate flagellar assembly; and DAG, a lipid known to affect membrane curvature (Allan et al., 1978) , might be Journal of Cell Science 121 (7) required to promote ensheathment of the developing axoneme by the axial membrane.
The effect of PtdIns(4,5)P 2 depletion on axonemal MTs is particularly intriguing, because the defects observed suggest a possible role for PtdIns(4,5)P 2 in regulating the transition from basal body to axonemal MT arrays. PtdIns(4,5)P 2 or a downstream second messenger could influence the stability or post-translational modification of particular tubulin isoforms, which in turn might affect the structure of the MT arrays incorporated into the axoneme. In support of this idea, SigD expression reduces the abundance of a slower-migrating form of acetylated α-tubulin (as determined by immunoblotting; H.-C.W., unpublished). Alternatively, because the triplet MTs found in PtdIns(4,5)P 2 -depleted spermatids resemble basal body MT triplets, PtdIns(4,5)P 2 or a downstream metabolite might provide a signal that inhibits triplet MT formation in favor of assembly of doublet MTs and accessory tubules. Because formation of outer MT doublets is crucial for both ciliary and flagellar motility, understanding the mechanism of regulation of this transition will be an important area for future investigation.
Materials and Methods

Molecular biology
All transgenes were constructed using the testis vector tv3, a P-element transformation vector containing the spermatocyte-specific β 2 -tubulin (β 2 t) promoter and SV40 3Ј sequences (Wong et al., 2005) . RFP-PH-FAPP, a fusion of monomeric red fluorescent protein (mRFP1) (Campbell et al., 2002) to the N-terminus of the FAPP PH domain (Dowler et al., 2000) , was made by fusion PCR using plasmids containing mRFP1 (from R. Tsien, University of California, San Diego, CA) and YFP-PH-FAPP (from D. Alessi, University of Dundee, Dundee, UK) as templates. PLCδ-PH-RFP was made by replacing GFP in PLCδ-PH-GFP (Varnai and Balla, 1998) with mRFP1. A catalytically inactive version of SigD, SigD dead , was obtained by mutagenizing SigD with the QuikChange XL site-directed mutagenesis kit (Stratagene) to introduce a previously characterized inactivating mutation (C460S). YFP-Sktl was made by fusing EYFP (Clontech) to the N-terminus of Sktl. All constructs were confirmed by DNA sequencing (The Centre for Applied Genomics, SickKids). Details of molecular cloning (primers, restriction sites, sequences) will be provided upon request.
Fly stocks
Flies were raised on standard cornmeal molasses agar at 25°C (Ashburner, 1990) . Transgenes were introduced by injection of w 1118 embryos as described (Wong et al., 2005) . Lines expressing PLCδ-PH-GFP [which binds PtdIns(4,5)P 2 ] and SigD were previously described (Wong et al., 2005) . SigD lines were maintained by crossing transgenic (w + ) females to w 1118 males. Unc-GFP flies were from J. Baker and M. Kernan (Baker et al., 2004) . β-tubulin-EGFP flies were from Y. Akiyama-Oda and H. Oda (JT Biohistory Research Hall, Takatsuki City, Japan) (Inoue et al., 2004) . Fws-GFP flies were from M. Fuller (Farkas et al., 2003) . PACT-GFP flies were from J. Raff (Basto et al., 2006) . w 1118 flies were used as wild-type controls.
Fluorescence microscopy and imaging
Immunofluorescence was performed essentially as described (Hime et al., 1996) , except that testis isolation buffer (TIB) (Casal et al., 1990) was used instead of TB-1. Antibodies used were as follows: 1:250 rabbit anti-dynein-heavy-chain (a gift of T. Hays, University of Minnesota, Minneapolis, MN) (Hays et al., 1994; Li et al., 1998) ; 1:1000 anti-Centrosomin (a gift of T. Kaufman, Indiana University, Bloomington, IN) (Li et al., 1998) . For γ-tubulin, samples were fixed in methanolacetone (Bonaccorsi et al., 2000) and anti-γ-tubulin antibody GTU88 (Sigma) was used at a dilution of 1:1000. Rhodamine phalloidin (20 units/ml) was used as recommended by the manufacturer (Molecular Probes).
To image live squashed preparations of Drosophila male germ cells expressing fluorescent fusion proteins (PLCδ-PH-GFP, RFP-PH-FAPP, GFP-PACT, Unc-GFP), testes were dissected in TIB, transferred to a microscope slide and cut with tungsten needles in TIB containing 8.3 μg/ml Hoechst 33342 to stain DNA. Samples were squashed with a coverslip before viewing.
The difference in RFP-PH-FAPP localization to the Golgi in wild-type versus SigD-expressing cells was calculated from line scans using ImageJ (http://rsb.info.nih.gov/ij/). The minimum intensity along each line scan, corresponding to the background, was subtracted from the maximum intensity, corresponding to the Golgi localization. For each phenotype, 83 measurements were made on cells from different preparations. The values were imported in GraphPad Prism and the P value was calculated (P<0.0001).
To compare the lengths of centrioles in control and SigD-expressing spermatids, the lengths of the GFP-PACT signals were measured as previously described (Rodrigues-Martins et al., 2007) , except that measurements were performed on spermatids rather than spermatocytes. To ensure our measurements reflected the entire length of the centriole, we used only centrioles that were in focus along their entire length.
Fluorescence images were acquired with an Axiocam CCD camera on an upright Zeiss Axioplan 2 microscope using Axiovision software. Specimens of testes expressing β-tubulin-EGFP were imaged with a Zeiss inverted LSM510 confocal microscope. Images of separate fluorochromes from multiply stained tissues were collected individually and combined using Adobe Photoshop. When necessary, images were adjusted only for brightness and contrast. Unless otherwise stated, in cases in which direct comparison of images was required, images were acquired using identical exposure times and adjusted in an identical manner.
Electron microscopy
Ultrastructural analysis of testes from 0-to 1-day-old males was carried out as previously described (Bazinet and Rollins, 2003) . Sections were viewed with a JEOL JEM 1200EX transmission electron microscope (St John's University), a JEOL JTE 141011 microscope (SickKids) or a Technai microscope (SickKids/Mt Sinai Hospital). Images were captured on film and scanned at high resolution (St John's University), or obtained using digital acquisition software (SickKids/Mt Sinai Hospital). Images were manipulated (for brightness and contrast only) using Adobe Photoshop.
